8,2'-Anhydro-8-mercapto-9-/~-D-arabinofuranosyladenine 5'-monophosphate trihydrate (C~0H12N506-PS.3H:O) crystallizes in the tetragonal system with space group P4~2~2 and cell dimensions a -b = 9.782 (1), c = 34.387 (5) A. The structure was solved by the heavy-atom method using the intensity data of 1982 independent reflections measured by Zr-filtered Mo Ktt radiation and was refined to R = 5.0%. Molecules of the title compound occur in a high-anti conformation with a glycosidic torsion angle of 118.8 o. The ribose conformation is C(4')-endo and the orientation of the C(5')-O(5') bond is gauche-trans. The bases stack along the c axis with an interplanar spacing of 3.4 A.
Introduction
In cyclo-nucleosides and nucleotides rotation of the base about the glycosyl bond is stereochemically restricted by covalent-bond formation between the purine and furanose rings through the S or O atom. In fact, the crystal structures of some cyclonucleosides have been solved by X-ray diffraction: 8,3'-S-cycloadenosine (Tomita, Tanaka, Yoneda, Fujiwara & Ikehara, 1972) and 8,5'-S-cyclo-2',3'-isopropylideneadenosine (Tomita, Nishida, Fujiwara & Ikehara, 1970) , in which the torsion angle Z about the glycosyl bond was fixed at 75 ° for the former crystal and 42 ° for the latter by ring fusion. For this reason, cyclonucleosides and cyclonucleotides may serve as suitable compounds for comparison of the molecular conformation in the crystalline form with that in aqueous solution and to find the correlation between the X value defined by the mutual orientations of the base and sugar moieties and the corresponding spectroscopic features, especially of ORD and CD spectra (Ikehara, Kaneko, Nakahara, Yamada & Uesugi, 1971) . Furthermore, as shown by the results of CD spectra, it is worthy to note that the 8,2'-S-cycloadenosine dinucleotide shows a Cotton effect opposite to that of 0567-7408/79/040929-05501.00
ApA and this phenomenon may support the possibility of left-handed base stacking (Ikehara, Uesugi & Yano, 1972) . The conformational-energy calculation for poly(8,2'-S-cycloadenylic acid) strongly suggests that the sense of base stacking is left-handed (Fujii & Tomita, 1976) .
In this paper, we report the structure analysis of 8,2'-anhydro-8-mercapto-9-fl-o-arabinofuranosyladenine 5'-monophosphate (8,2'-S-cyclo 5'-AMP) and its molecular geometry, which may be useful in application to conformational studies in solution.
Experimental
A sample of 8,2'-S-cyclo 5'-AMP was kindly supplied by Professor M. Ikehara, Osaka University. Transparent prismatic crystals formed by slow evaporation of an aqueous solution at room temperature. Preliminary Weissenberg and precession photographs revealed the crystal to be tetragonal: systematic extinctions (h00, h = 2n; 00l, l = 4n) indicated the space group to be P4~212 (No. 92) or P432~2 (No. 94), of which the former was later confirmed to be correct. The cell dimensions were obtained from the leastsquares refinement of 20 values of higher-order reflections measured on a diffractometer. The crystal data are given in Table 1 . The intensities of 2292 unique reflections within 20 < 55 ° were collected on a Rigaku-Denki automatic four-circle diffractometer using the 09-20 scan technique and Zr-filtered Mo Ka radiation (crystal size: 0.4 x 0.4 x 0.3 mm). Of these, 1994 were considered to have counts significantly above background. No absorption correction was applied. The density was measured by the flotation method using a carbon tetrachloride-ethylene bromide mixture. 
Structure determination and refinement
The structure of 8,2'-S-cyclo 5'-AMP was solved by the heavy-atom method. A sharpened Patterson map showed clearly the positions of two heavy atoms (S and P). The fact that all the non-hydrogen atoms considered as a molecule containing the fl-anomer of the Darabinofuranose ring were properly located on successive Fourier maps indicated the correct space group to be P4t2t2. The structure was refined to an R value of 0.065 by a least-squares method with programs using the block-diagonal approximation (UNICS, 1973) with isotropic thermal parameters and then the full-matrix least-squares method (Busing, Martin & Levy, 1962) with anisotropic thermal parameters. At this stage, 12 reflections having large discrepancies between observed and calculated structure factors were omitted and a difference Fourier synthesis was calculated which revealed the locations of all H atoms. They were included in the final refinement with anisotropic temperature factors for non-hydrogen atoms and isotropic for H atoms, and the final R value was 0.050 
Results and discussion
The bond lengths and angles are given in Fig. 1 . As expected, some of these deviate somewhat from the standard values. In angles are compared with corresponding values in orthorhombic 5'-AMP (Neidle, Kiihlbrandt & Achari, 1976 ) and also in monoclinic 5'-AMP (Kraut & Jensen, 1963) . For example, in 8,2'-S-cyclo 5'-AMP, the N(9)-C(8) bond is shorter by 0.04 A, the C(1')-N(9)--C(4) bond angle is larger by 10 °, C(1')-N(9)-C(8) is smaller by 9 ° and N(9)-C(1')-C(2') is smaller by 8 ° compared to those of 5'-AMP. These deviations might be due to strains induced by cyclization. The conformation of the molecule is shown by the stereoscopic representation in Fig. 2 . The calculated least-squares planes are given in Table 5 . The purine ring and the fused five-membered ring (S-cyclo ring) are almost coplanar with maximum deviations of 0.038 ,/k. The dihedral angles between purine and sugar rings and between purine and S-cyclo rings are 59.2 and 0.9 o, respectively. The conformation of the sugar ring can be assessed on the basis of the endocyclic torsion angles in Table 6 . The phase angle of pseudorotation (Altona & Sundaralingam, 1972) , P = 232.7 °, corresponds to C(4')-endo pucker (aE) and the displacement of atom C(4') from the least-squares plane through the other four atoms in the ring is 0.486 A. The glycosidic torsion angle x[O(I')--C(I')-N(9)-C(8)] is 118.8° (high-anti). The orientation of the C(5')-O(5') bond is gauche-trans. There is no short contact between a phosphate O atom and any atom of the base ring. The contact between C(5') and 0(2) is 3.210 A which is roughly equal to the sum of the van der Waals radii of the atoms involved. The base planes stack along the c axis with much overlapping, as shown in Fig. 3, and with an interplanar spacing of 3.4 A.
Several intermolecular hydrogen bonds found in the crystal are summarized in Table 7 . The molecular packing is shown in Fig. 4, where 8 Atoms marked with an asterisk are those used in the determination of the best planes. Deviations from the planes are in/k.
Adenine ring (plane I)
N(1)* -0.026 (11) C(6)* 0-019 (11) S -0.038 (10) C(5)* 0.002 (11) N(6) 0.068 (11) C(4)* 0.002 (11) N(9)* -0.008 (11) N(3)* 0.016 (11) C(8)* -0.009 (12) C(2') -0-043 (12) N(7)* 0.006 (11) C(I') 0.013 (11) 
Adenine ring and S-cyclo ring (plane IV)
N(I)* -0.038 (7) C(6)* 0.017 (7) S* C(5)* 0.009 (7) N(6) 0-069 (7) C(4)* N(9)* 0.004 (6) N(3)* " 0.008 (7) C(8)* C(2')* -0.016 (7) N(7)* 0.024 (7) C(I')* C(2)* -0.016 (8)
-0.004 (4) 0.005 (7) 0.012 (7) 0.027 (7) The equations for the least-squares planes are in the form: The dihedral angles between: planes I and I1 59-2 (2) ° planes 1 and III 0.9 (2) (7) 1.89(9) 158(8) 15(6) 2.790 (7) 1.95 (9) 166 (8) 10 (6) 2.837 (8) 1.89 (9) 159 (8) 14 (5) 2.726 (10) 1.82 (9) 167 (8) 8 (5) 2.584 (8) 1.85 (9) 161 (9) 13 (7) 3.082 (7) 2.12(9) 175(8) 4(6) 2.773 (7) 1.91 (9) 172 (8) 6 (6) 2.820 (9) 1-76 (9) 149 (7) 19 (4) -120.8 (4) using the H atom coordinates found in a difference Fourier map, are summarized in Table 8 together with those of related compounds. From X-ray studies it is known that the furanose ring of usual nucleotides occurs in two conformations, C(2')-endo and C(3')-endo. In solution the furanose ring seems to be in a state of rapid equilibrium between these two conformations (Altona & Sundaralingam, 1973) . But in the case of cyclonucleotides, as shown in Table 8 , the conformation of the furanose ring is classified as being in the C(4')-endo and C(4')-exo forms and, therefore, the furanose ring of the cyclonucleotide in solution is in an equilibrium state involving both the C(4')-endo and C(4')-exo forms. Table 9 shows the mean torsion angles of C(4')-endo and C(4')-exo, and the coupling constants calculated by the modified Karplus equation (Altona & Sundaralingam, 1973) . As shown in Table 9 , Jrtl'-n2'(obs) is apparently smaller than Jnt'-m,~ca~cr This result is consistent with the fact that the observed coupling constant between cisoidal protons in arabinose rings is smaller than that calculated by use of the modified Karplus equation (Jaworski, Ekiel & Shugar, 1978) . Furthermore, in the case of 8,2'-S-cyclo 5'-AMP, in which C(2') is connected to a S atom instead of the O atom found in usual arabinose rings, the difference in the electronegativity resulting from the substitution of (a) Yamagata, Koshibe, Tokuoka, Fujii, Fujiwara, Kanai & Tomita (1979) . (b) Suck & Saenger (1973) . (c) Hutcheon & James (1977) . (d) Yamagata, Fujii, Kanai, Ogawa & Tomita (1979) . ~0' tp ~0' 95 (10) 93 (7) 91 (9) 96 (6) 129 (0) 135 (5) 150 (6) 160 (8) 0.2 0.1 0.0 0.2 4.9 6.1 8.9 10.2 2.7 3.3 (a) Dingra, Sarma, Uesugi & Ikehara (1978) .
the S atom could not be neglected. However, such an effect on Jrl3'-n4' is thought to be the smallest of the three coupling constants, and therefore the populations of the C(4')-endo and C(4')-exo conformers in aqueous solution were tentatively calculated to be 60 or 70% and 40 or 30%, respectively, when described by tp or ~0'. In the stable sugar conformation of a cyclonucleotide such as 8,2'-S-cyclo 5'-AMP in aqueous solution it is plausible that the furanose ring is in equilibrium between the C(4')-endo and C(4')-exo conformations but not between the C(2')-endo and C(3')-endo conformations predicted by Dingra, Sarma, Uesugi & Ikehara (1978) .
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